Previous studies have suggested dopamine to be involved in error monitoring/processing, possibly through impact on reinforcement learning. The current study tested whether methylphenidate (MPH), an indirect dopamine agonist, modulates brain and behavioral responses to error, and whether such modulation is more pronounced in cocaine-addicted individuals, in whom dopamine neurotransmission is disrupted. After receiving oral MPH (20 mg) or placebo (counterbalanced), 15 healthy human volunteers and 16 cocaine-addicted individuals completed a task of executive function (the Stroop color word) during functional magnetic resonance imaging (fMRI). During MPH, despite not showing differences on percent accuracy and reaction time, all subjects committed fewer total errors and slowed down more after committing errors, suggestive of more careful responding. In parallel, during MPH all subjects showed reduced dorsal anterior cingulate cortex response to the fMRI contrast error>correct. In the cocaine subjects only, MPH also reduced error>correct activity in the dorsolateral prefrontal cortex (controls instead showed lower error>correct response in this region during placebo). Taken together, MPH modulated dopaminergically innervated prefrontal cortical areas involved in error-related processing, and such modulation was accentuated in the cocaine subjects. These results are consistent with a dopaminergic contribution to error-related processing during a cognitive control task.
Introduction
Error monitoring is a core executive function that allows for successful identification and correction of discrepancies between an intended and executed response, vital for flexible adaptation in complex, dynamic environments (Taylor et al. 2007 ). Recent efforts aimed at uncovering the neurochemistry of error monitoring have pointed to an important contribution of dopamine (Jocham and Ullsperger 2009; Barnes et al. 2011) . This contribution has been suggested by previous studies that have used dopaminergic challenges to modulate error-related processing [e.g., error-related negativity (de Bruijn et al. 2004; Zirnheld et al. 2004) ], or that have included relevant disease states that impact dopamine neurotransmission [e.g., Parkinson's disease (Stemmer et al. 2007 ), attention deficit/hyperactivity disorder (ADHD) (Shiels and Hawk 2010) , or drug addiction (Hester et al. 2009 )]. The current study combined these approaches, employing a novel, joint pharmacological manipulation/disease state design.
Our first goal was to test whether methylphenidate (MPH), an indirect dopamine and norepinephrine agonist [that blocks both respective transporters (Kuczenski and Segal 1997) ], modulates brain and behavioral responses to error on a classical executive function task. After receiving oral MPH or placebo, human volunteers performed the Stroop color-word task (Stroop 1935) while undergoing event-related functional magnetic resonance imaging (fMRI) (Leung et al. 2000) . The Stroop color-word task consistently activates dopaminergically innervated prefrontal cortex (PFC) regions that mediate error-related processing, especially the anterior cingulate cortex (ACC) and dorsolateral prefrontal cortex (DLPFC) . Although the precise functions of these regions continue to be debated, the dorsal ACC (dACC) has been implicated in performance monitoring (van Veen and Carter 2002) , conflict monitoring (Egner et al. 2008) , error detection (Swick and Turken 2002) , and the prediction of posterror adaptation (slowing) (Danielmeier et al. 2011) , whereas the DLPFC has been implicated in nonemotional conflict resolution (Egner et al. 2008 ) and the implementation of cognitive control (Kerns et al. 2004) . MPH is thought to decrease the energy requirements needed to perform a cognitive task (i.e., by enhancing signal-to-noise ratio of neuronal activity) (Swanson et al. 2011) . Indeed, MPH has produced PFC signal reductions during executive function tasks when healthy controls underwent positron emission tomography (Mehta et al. 2000; Volkow et al. 2008) or fMRI (Dodds et al. 2008; Marquand et al. 2011) , and when individuals with ADHD underwent fMRI (Schweitzer et al. 2004; Peterson et al. 2009 ). Therefore, we hypothesized that MPH, received during performance of the Stroop color-word task, would enhance task performance (reduce errors and increase posterror slowing) and reduce PFC (e.g., dACC and DLPFC) response to error.
Our second goal was to test whether MPH exerts more pronounced effects in individuals with potential compromises in dopamine functioning. For this purpose, in addition to healthy individuals we studied a sample of cocaine-addicted individuals, who show drug-mediated decreases in dopamine release and receptor availability (Volkow et al. 2004) , and functional impairments in PFC areas innervated by dopamine (Goldstein and Volkow 2011) . Given dopamine's inverted U-shaped effects on cognition (e.g., Seamans and Yang 2004; Arnsten 2009 ), we hypothesized stronger response to MPH in the cocaine subjects. Also supporting this hypothesis are studies of individuals with impulsivity, ADHD, and cocaine use disorder (CUD). In one prior study of healthy individuals, trait impulsivity, associated with decreased levels of striatal dopamine D2 receptors (Lee et al. 2009 ) and decreased activity in PFC , modulated response to MPH (the higher the impulsivity, the lower the reversal learning errors during MPH compared with placebo) (Clatworthy et al. 2009 ). Similarly, MPH more prominently affected neural response (during tasks of inhibitory control/executive function) in ADHD subjects than in healthy controls (Rubia, Halari, Cubillo et al. 2011; ); a recent study showed that treatment-naïve ADHD subjects with the greatest response in a number of subcortical and cortical regions (including DLPFC) during an MPH challenge were also the ones most likely to show inattention symptom improvement with a regimented treatment dose of MPH . In CUD, intravenous MPH improved inhibitory control (decreased stop signal reaction time [RT] during the stop signal task) as associated with higher DLPFC fMRI response (Li et al. 2010) ; oral MPH also selectively increased fMRI response in CUD (compared with controls) in the ACC during an emotionally salient cognitive control task (Goldstein et al. 2010 ).
Materials and Methods

Subjects
Subjects were 15 healthy human volunteers and 16 individuals with CUD, recruited from advertisements in local newspapers and by word of mouth. All were right-handed and native English speakers, and were able to understand all study procedures and to provide written consent in accordance with Stony Brook University's Institutional Review Board. All subjects underwent a full physical examination and clinical interview (see Supplementary Information for interview components). CUD were current users of cocaine, meeting criteria for current cocaine dependence but otherwise healthy and not currently taking medications. Although 1 subject also met criteria for current heroin dependence (a factor we inspected in Supplementary Information), the primary drug of choice in all CUD was cocaine. All other comorbidities (except for nicotine dependence: N = 12; Table 1 ) were in fully sustained remission, including marijuana abuse (N = 5), alcohol use disorders (N = 8), and heroin dependence (N = 1). Exclusion criteria were 1) history of head trauma or loss of consciousness (>30 min) or other neurological disease of central origin (including seizures); 2) abnormal vital signs at time of screening; 3) history of major medical conditions, encompassing cardiovascular (high blood pressure, cardiac arrhythmias apart from sinus bradycardia, or an abnormal electrocardiography at time of screening), endocrinological (including metabolic), oncological, or autoimmune diseases; 4) history of major psychiatric disorder (other than substance abuse or dependence for CUD and/or nicotine dependence for both groups); 5) pregnancy (urine test); 6) contraindications to MRI; 7) history of glaucoma; and 8) except for cocaine in CUD, positive urine screens for psychoactive drugs or their metabolites (amphetamine or methamphetamine, phencyclidine, benzodiazepines, cannabis, opiates, barbiturates, or inhalants). Thus, subjects did not test positive for any psychoactive drugs other than cocaine on study day. Positive urine screens for cocaine did not differ by medication administration (10/16 CUD tested positive on MPH day; 8/16 CUD tested positive on placebo day; P > 0.3).
Methylphenidate Administration
Oral MPH (20 mg) or placebo (lactose) was administered in a counterbalanced fashion across all subjects on 2 separate study days. We aimed for 1 week in between scans to minimize carry-over effects, and all subjects (but especially CUD) were scheduled as close to this target date as possible. Only 3 subjects completed their second scanning session before the 7-day benchmark (1 CUD: 6 days; 2 controls: 5 days, 6 days). Subjects underwent fMRI 90-min postmedication administration, within the window of peak MPH effects (60-120 min) (Volkow et al. 1998 ) (see Supplementary Information for additional considerations of MPH administration such as blinding procedures, and description and analyses of cardiovascular functioning and selfreported ratings of MPH effects). Study groups did not differ in number of days between the MPH and placebo scans (CUD: 9.4 ± 4.6; control: 14.1 ± 13.1; P > 0.2).
Task
Subjects performed an event-related Stroop color-word task, adapted from previously published neuroimaging studies that have used a similar design (Leung et al. 2000; Peterson et al. 2002; Blumberg et al. 2003; Potenza et al. 2003; Harrison et al. 2005; Brewer et al. 2008; Devito et al. 2012; Moeller et al. 2012) . During this task, subjects pressed for ink color of color words printed in their congruent (e.g., "blue" in blue ink) or incongruent (e.g., "blue" in red ink) colors. After training, which consisted of at least 2 complete task runs with different color randomizations, once outside and once inside the scanner, subjects completed 3 runs of the Stroop color-word task while undergoing fMRI. A continuous series of color words (red, blue, yellow, and green) was presented through fMRI compatible goggles. Ninety-four percent of words were displayed in their congruent colors, while 6% of words were displayed in their incongruent colors (Fig. 1) . With these task parameters, each task run contained 12 incongruent events, therefore totaling 36 such events per subject. The total number of task errors across all subjects (i.e., summed across both the congruent and incongruent trials, and averaged across MPH and placebo days and all 3 task runs) was 16.7 ± 7.8 (see Table 2 for additional details). Owing to medication time constraints (i.e., to ensure peak effects of MPH throughout), our task did not include a neutral control condition [e.g., rows of colored strings of Xs (Roesch-Ely et al. 2005) ]. Consequently, we were unable in this study to inspect for potential facilitation effects [i.e., a decrease in RT that occurs when color words are presented in their congruent colors], although it has been noted that such facilitation effects are not uniformly observed (MacLeod 1991). To avoid a priming effect, no word or color of an incongruent stimulus mirrored the preceding congruent color word; otherwise, stimuli were presented randomly and were used in all possible combinations to form the incongruent stimuli. Incongruent events were pseudorandomly spaced by at least 5 stimuli (range: 5-31 stimuli apart; median: 14 stimuli). Each word was presented for 1300 ms, with an intertrial interval of 350 ms. Each run lasted 5.6 min (4.3 min for all stimuli, 1.2 min for all preceding fixation slides, and 3.2 s for a terminating fixation slide) (Fig. 1) . Remuneration for task completion was fixed to $25. Accuracy and RT, and postconflict and posterror slowing were collected using E-prime (see Supplemental Information on how the latter 2 variables were calculated).
MRI Data Acquisition
Magnetic resonance imaging scanning was performed on a 4T wholebody Varian/Siemens MRI scanner. The blood-oxygenation-leveldependent (BOLD) fMRI responses were measured as a function of time using a T2*-weighted single-shot gradient-echo planar sequence (TE/TR = 20/1600 ms, 4 mm slice thickness, 1-mm gap, typically 33 coronal slices, 20-cm FOV, 64 × 64 matrix size, 90°-flip angle, 200-kHz bandwidth with ramp sampling, 207 time points, and 4 dummy scans to avoid nonequilibrium effects in the fMRI signal). Padding was used to minimize subject motion, which was also monitored immediately after each fMRI run (Caparelli et al. 2003) . Earplugs (28 dB sound attenuation; Aearo Ear TaperFit 2; Aearo Company) and headphones (30 dB sound attenuation; Commander XG MRI Audio System, Resonance Technology, Inc.) were used to minimize the interference effect Table 2 Performance on the Stroop color-word fMRI task across all study subjects and across 3 task runs Numbers are M ± SD, reflecting averages across 3 task runs (e.g., each subject had 12 × 3 = 36 incongruent events that contributed to the respective incongruent task performance average); error minimums and maximums are also presented given their centrality to the fMRI results; the relatively high postconflict adjustment scores likely reflect the fact that "iI" events did not occur in this task (see Methods section). of scanner noise during fMRI (Tomasi et al. 2005) . Anatomical images were collected using a T1-weighted 3D-MDEFT (3D modified driven equilibrium Fourier transform) sequence (Lee et al. 1995 ) and a modified T2-weighted hyperecho sequence (Hennig and Scheffler 2001) , and were reviewed by a neurologist to rule out gross morphological abnormalities that could affect the BOLD-fMRI signal.
MRI Data Processing
Analyses were performed with Statistical Parametric Mapping (SPM2) (Wellcome Trust Centre for Neuroimaging, London, UK). Image reconstruction was performed using an iterative phase correction method that produces minimal signal-loss artifacts in echo-planar images (Caparelli and Tomasi 2008) . A six-parameter rigid body transformation (3 rotations, 3 translations) was used for image realignment and correction of head motion. Criteria for acceptable motion were 2-mm displacement and 2°rotation. After implementing these criteria, CUD had data available from 5.0 ± 1.2 scans; controls subjects had data available from 4.8 ± 1.0 scans [between group t(29) = 0.5, P > 0.6; max scans per subject was 6: 2 medication conditions × 3 task runs]. The realigned datasets were spatially normalized to the standard stereotactic space of the Montreal Neurological Institute (MNI) using a 12-parameter affine transformation (Ashburner et al. 1997 ) and a voxel size of 3 × 3 × 3 mm. An 8-mm full-width-half-maximum Gaussian kernel was used to spatially smooth the data.
BOLD-fMRI Analyses
Three general linear models (Friston et al. 1995) , each with six motion regressors (3 translation and 3 rotation) and up to three task conditions (incongruent correct events, congruent error events, and/ or incongruent error events) convolved with a canonical hemodynamic response function and low-pass and high-pass (cut-off frequency: 1/90 s) filters, were used to calculate individual BOLD-fMRI maps. Contrast maps were calculated for all available runs for all subjects (who met all motion criteria as described above), with each contrast reflecting percent signal change from baseline. Because of a short intertrial interval of 350 ms (Fig. 1) , the baselines of these 3 models consisted of all the task events that were not modeled in the relevant design matrices, and at minimum included the fourth (and most frequent) type of task event (congruent correct events). Although the correct congruent trials were included in the error variance (i.e., serving as the implicit baseline), they nonetheless account for the correct congruent effect. Design Matrix 1 included 1 regressor collapsed across both incongruent trials (Incongruent Correct and Incongruent Incorrect), leaving out both congruent trials (Congruent Correct and Congruent Incorrect) to serve as the baseline. Design Matrix 2 included 1 regressor collapsed across both error trials (Congruent Incorrect and Incongruent Incorrect), leaving out both correct trials (Congruent Correct and Incongruent Correct) to serve as the baseline. Design Matrix 3 included 3 regressors: Incongruent Correct trials, Congruent Incorrect trials, and Incongruent Incorrect trials, leaving out the Congruent Correct trials to serve as the baseline. Using these 3 separate design matrices, we calculated the following first level main and interaction contrasts. 1) Using Design Matrix 1, we tested for a main effect of "congruency", defined as (Incongruent Error + Incongruent Correct) − (Congruent Error + Congruent Correct). 2) Using Design Matrix 2, we tested for a main effect of "correctness", defined as (Incongruent Error + Congruent Error) − (Incongruent Correct + Congruent Correct).
3) Using Design Matrix 3, we tested for a "correctness × congruency" interaction, defined as [(Incongruent Correct − Congruent Correct) − ( Incongruent Error − Congruent Correct)] + (Congruent Error − Congruent Correct). Note that due to the active baselines for each of these contrasts, a BOLD signal below zero does not necessarily reflect deactivations. At the second level, we tested how each of these first level contrasts differed as a function of medication and group; for this purpose, we estimated 3 separate 2 (medication: MPH, placebo) × 2 (group: CUD, control) mixed analyses of variance (ANOVAs) at the whole-brain level in SPM.
Brain activation clusters were corrected for multiple comparisons using the continuous random field calculation (Adler 1981) . In the present study, the random field calculation was based on the expected Euler characteristics of the regions above a P corr < 0.05 threshold [false discovery rate (FDR), voxel level corrected], with 5 contiguous voxels; we also flagged the voxels that were significant using the more conservative FWE voxel-level correction. Because we had a priori hypotheses about the ACC and DLPFC, we used region of interest (ROI) analyses for these regions (with the same significance criteria). These ROIs were 20-mm spheres around peak coordinates of the ACC and DLPFC, taken from the study that guided our task development (Leung et al. 2000) and therefore independent from the current results. Our 4-T MRI scanner provides excellent signal in these regions, increasing confidence that we were able to reliably estimate the magnitude of the error>correct and incongruent > congruent BOLD signals with the current number of respective trials. For these 2 ROIs, across all subjects and medication conditions, the average signal-to-noise ratio was 235.3 ± 48.0 (range: 107.0-380.4). For all analyses, anatomical specificity was corroborated with the MRIcron software. All brain activation and deactivation peak coordinates were further extracted and evaluated to identify outliers and to report average values in a volume comparable to the image smoothness [e.g., the volume of the resolution elements or "resels" (Worsley et al. 1992) ], rather than single-voxel peak values. Thus, 9-mm isotropic cubic masks were created and centered at the exact coordinates in Table 4 and were kept fixed across subjects and conditions. The mean and standard deviation of the BOLD-fMRI signals were computed using a custom program written in IDL (IDL, ITT Visual Information Solutions, Boulder, CO). These extracted BOLD signals, which give precise spatial localization of the functional responses (Tomasi et al. 2007a, b) , were used in SPSS correlation analyses between select BOLD-fMRI activations (regions that showed significant effects of medication as reported in Results section) and select behavioral measures (task measures that showed significant effects of medication as also reported in Results section). Accordingly, these correlations were conducted using change scores, such that placebo was subtracted from MPH for both the behavioral and brain measures; the constituent MPH and placebo scores were examined as well. Only in CUD, we also inspected correlations with the drug use variables listed in Table 1 . Brain-behavior correlations were considered significant at P < 0.01 to minimize Type I error.
Results
Task Performance
Behavioral data ( percent accuracy and RT) were separately analyzed with mixed 2 (medication: MPH, placebo) × 2 (trial: congruent, incongruent) × 2 (group: CUD, control) ANOVAs (Table 2 ). These analyses revealed the reliable Stroop interference effect: higher task accuracy [F(1,29) = 100.5, P < 0.001] and faster RT [F(1,29) = 301.3, P < 0.001] on congruent trials than on incongruent trials in all subjects, validating the task. Medication main effects for accuracy and RT were in anticipated directions (higher percent accuracy and faster RT during MPH across both trial types), but did not reach significance (accuracy: P > 0.06; RT: P > 0.08). There were no group effects or interactions. In addition to the percent accuracy scores, we analyzed total raw errors (summed across the congruent and incongruent trials) through a 2 (medication: MPH, placebo) × 2 (group: CUD, control) ANOVA. This analysis indeed revealed a medication main effect [MPH<placebo; F (1,29) = 8.7, P < 0.01] (Fig. 2A) [note that although the medication × group interaction was not significant (P > 0.2), the restorative effects of MPH were more prominently observed in CUD as expected (significant medication effect only in this group: paired t(15) = 2.4, P < 0.05)] (see also Table 2 ).
Postconflict and posterror slowing were separately analyzed with 2 (medication: MPH, placebo) × 2 (group: CUD, control) ANOVAs. Of all possible main effects or interactions, there was a medication main effect on posterror slowing (when the trial after the committed error was a congruent event) [F(1,29) = 4.2, P < 0.05] (Fig. 2B) ( Table 2 ), such that all subjects increased their posterror slowing (i.e., initiated more careful behavior) during MPH. There was a trend for the MPH-induced increase in posterror slowing to negatively correlate with the MPH-induced decrease in errors in all subjects (r = −0.43, P < 0.05) [i.e., fewer errors associated with more posterror slowing during MPH as directly compared with placebo].
SPM
Task-Related Activations
The Stroop color-word task produced activations in regions previously reported (Leung et al. 2000) (Table 3 ). For the "congruency" main effect (computed using Design Matrix 1, which affords inspection of incongruent > congruent effects) (Table 4) , 2nd Level whole-brain SPM analyses revealed only group main effects. In particular, CUD showed higher incongruent > congruent activations than controls in regions that included the left DLPFC, right cerebellum, and various regions relevant to visual processing. However, given our a priori interest in the error > correct contrast and given that no medication main effects or interactions emerged for the incongruent > congruent contrast (including when using ROI analyses of the dACC and DLPFC), we focused the remainder of our analyses on response to the contrast error > correct.
For the "correctness" main effect (computed using Design Matrix 2, which affords inspection of error > correct effects) (Table 4) , second level whole-brain analyses again revealed only a group main effect, such that CUD showed higher error>correct BOLD response than controls in the precuneus (although this effect did not survive subject exclusions as marked in Table 4 ; see Supplementary Information for analyses). Of greater interest for our purposes, ROI analyses revealed a (within-subjects) medication main effect in the right dACC, such that all subjects showed higher error > correct BOLD response in this region during placebo than MPH (Fig. 2C) . There was also a medication × group interaction in the left DLPFC (Fig. 2D) : CUD showed lower error > correct BOLD response in the left DLPFC during MPH than placebo, whereas controls showed the opposite pattern. There were no significant second level effects for the "correctness × congruency" interaction contrast (computed using Design Matrix 3), indicating that there were no regions in which error > correct activations were further modulated by the incongruent trials. For all SPM analyses, the results in Table 4 account for correction for covariates (i.e., those variables that differed between the groups or between the MPH and placebo study sessions) and subject exclusions (see Supplementary Information for these additional analyses).
Brain-Behavior Correlations
We correlated MPH, placebo, and the MPH > placebo difference scores in the dACC and DLPFC with the respective scores for task-related errors and posterror slowing (i.e., the behavioral variables that showed MPH effects). In all subjects during placebo, higher error > correct activity in the DLPFC correlated with more task-related errors (r = 0.54, P < 0.01) and [and a trend for less posterror slowing (r = −0.36, P < 0.05)], suggesting that MPH-induced decreases in this region could be beneficial in this context. Correlations with the drug use variables listed in Table 1 were nonsignificant in CUD.
Discussion
After receiving oral MPH, an indirect dopamine (and norepinephrine) agonist, healthy individuals and CUD performed an event-related Stroop color-word task while undergoing fMRI. Consistent with our hypotheses, MPH main effects (behavior All results were significant at P < 0.05 FDR corrected, 5 voxels min. *Region also significant at P < 0.05 FWE corrected. and brain) were observed in all subjects. In particular, MPH improved task performance (i.e., reduced task errors and increased posterror slowing) while concurrently reducing dACC BOLD response to the contrast error > correct. These results are consistent with the view that MPH enhanced the efficiency of processing in all subjects (Swanson et al. 2011) , in agreement with previous research (Mehta et al. 2000; Volkow et al. 2008; Marquand et al. 2011; Tomasi et al. 2011) . For example, MPH reduced the amount of brain glucose (by about 50%, as measured by positron emission tomography with [
18 F]fluorodeoxyglucose) needed to perform numerical calculations (Volkow et al. 2008 ) (note that this decrease in brain glucose indeed reflected decreased activity in task-relevant regions, including the ACC). In a recent study, MPH increased the difference (relative to placebo) in dACC activity elicited to aware > unaware errors, an effect that appeared to be driven by less activity during MPH to unaware errors (Hester et al. 2012) . Although some studies have reported increased activation during MPH (e.g., Tomasi et al. 2011; Costa et al. 2012; Pauls et al. 2012) , it is important to note differences in the task requirements and/or activated regions [i.e., while the current Stroop task engaged conflict/error processing and implicated the dorsal subregion of the ACC specifically, Tomasi et al. (2011) included tasks of working memory and visual attention, Costa et al. (2012) found increased activity in the putamen, and Pauls et al. (2012) found activity in a larger portion of the ACC (that also included its rostral subregion)]. Despite these acknowledged inconsistencies in the literature, and although we cannot conclusively establish specificity of our results to error (versus interference) in dACC (Supplementary Information), the current study's finding that MPH modulated error-related processing supports the influential hypothesis that the error-processing system is orchestrated by dopamine (Holroyd and Coles 2002) .
The current study also juxtaposed MPH effects in healthy controls with those in CUD, a population characterized by perturbed dopaminergic functioning. An interesting medication × group interaction emerged in the DLPFC, such that only CUD showed lower error > correct DLPFC response during MPH. By focusing response in the DLPFC, MPH may have facilitated CUD's ability to initiate cognitive control (Kerns et al. 2004) , an executive function that is disrupted in addiction (Kalivas and Volkow 2005) . In particular, the nature of this interaction raises the intriguing possibility that while MPH may have had a salubrious effect on CUD, it may have had an opposite, detrimental effect on controls; in the latter group, MPH might have increased dopamine levels in these putatively intact individuals beyond optimal levels (e.g., to a point located on the downward side of the dopamine U-shaped curve). If higher doses of MPH had been used, it is possible that a similar deterioration also would have been discernable in behavior. Although this idea would need to be empirically verified in future studies, it is nonetheless bolstered by current supporting analyses: 1) although the group × medication interaction on total behavioral errors did not reach significance, MPH significantly improved this measure of task performance only in CUD; and 2) the correlation in all subjects between reduced error > correct DLPFC response with fewer task errors suggests that reduced DLPFC response could be adaptive in this context-suggesting that MPH may have been more beneficial to CUD, consistent with the effect for behavioral errors in this group. Taken together, our DLPFC finding supports the important hypothesis that MPH, which increases extracellular dopamine by blocking the Region also significant at P < 0.05 FWE corrected. c dopamine transporters, most benefitted the individuals with dopaminergic compromises (here, CUD), consistent with previous studies of individuals with impulsivity (Clatworthy et al. 2009 ), ADHD (Rubia, Halari, Cubillo et al. 2011; Volkow et al. 2012) , and CUD (Goldstein et al. 2010; Li et al. 2010) . A differing direction of BOLD response between the current results and prior studies of CUD might be explained by differences in the respective task baselines. In particular, results obtained when using an emotionally salient cognitive control task employed a fixation baseline (Goldstein et al. 2010) ; results obtained when using the stop signal task results employed a stop success>stop error baseline (Li et al. 2010) , with the latter contrast in particular being directly opposite in direction to the current study. Importantly, because reduced BOLD-fMRI response in the DLPFC during the Stroop color-word task predicted better clinical outcome (treatment retention) in a prospective study of CUD (Brewer et al. 2008) , DLPFC normalization via MPH may benefit addiction treatment as remains to be tested in future longitudinal studies.
Whereas medication effects were observed when analyzing the error > correct contrast, group effects (CUD > control) were largely observed when analyzing the incongruent > congruent contrast. One region of note, activated during incongruent > congruent but not error > correct, was the cerebellum. Cerebellar hyperactivity during performance of executive function tasks has previously been observed in abusers of cocaine (Hester and Garavan 2004) , alcohol (Desmond et al. 2003) , and opiates (Yücel et al. 2007 ). Cerebellar hyperactivity was also reported in a study of adult ADHD, such that greater subcortical and cerebellar blood flow during an executive function task was observed in ADHD subjects compared with healthy controls during both MPH and unmedicated conditions (Schweitzer et al. 2004 ). Taken together, CUD's higher cerebellar activity in the current study, in combination with increased activity during incongruent > congruent trials in frontal regions such as the DLPFC, may reflect higher cognitive effort that was needed (even with MPH) to resolve cognitive interference comparably to the healthy controls.
This study has several limitations that could be remediated in future studies. First, although the number of cigarettes smoked in CUD did not correlate with any ROIs in Table 4 , future studies should nonetheless recruit actively smoking control subjects. A related concern is that, to minimize the possibly confounding impact of cigarette deprivation/withdrawal on brain function (Xu et al. 2005; Wang et al. 2007 ), we did not exert direct control over subjects' cigarette smoking. A potential interaction between MPH and cigarette smoking in currently smoking CUD remains to be addressed in future studies with larger sample sizes. Such a study could extend recent investigations that have documented an increase in smoking behavior during acute MPH administration Vansickel et al. 2011) [although MPH may actually protect against smoking onset among youth with ADHD (Hammerness et al. 2012) ]. Nevertheless, an important consideration for the current study is that there were no differences between the MPH and placebo days in whether currently smoking CUD smoked a cigarette within 4 h of scanning (Table 1) . Second, future studies should verify these results while 1) including more incongruent trials, 2) eliciting more errors (e.g., via a shorter response window), and 3) incorporating a lower level baseline (e.g., colored symbols) that would enable modeling the correct congruent trials as explicit events. Despite the excellent signal-to-noise ratio in our ROIs (and, accordingly, presumably sufficient power; see Materials and Methods section), these task modifications could be useful to verify the magnitude of the current parameter estimates. These task modifications could also yield more precise conclusions vis-à-vis whether the correct congruent trials contributed to our results [i.e., in CUD, MPH could have increased activity during error trials, decreased activity during correct trials, or both (with an opposite pattern of effects in controls)]. While this issue does not change our central conclusion that MPH decreased error > correct BOLD signal in CUD-and that decreased DLPFC activity to error > correct is associated with decreased task-related (behavioral) errors, therefore indicating a potential beneficial effect of such relatively lowered activation-the precise nature of this effect remains to be clarified with future tasks designed to elicit higher error rates. Such a task could be especially interesting in light of a previous pharmacological fMRI study in healthy controls that showed that MPH reduced deactivations to correct responses (Dodds et al. 2008) . Third, because MPH also blocks the norepinephrine transporter (Hannestad et al. 2010) , future studies could include more targeted dopamine or norepinephrine agonists or antagonists [MPH was chosen for this study in part because it has potential therapeutic value in CUD (Levin et al. 2007) , although this is a topic of debate (Grabowski et al. 1997; Schubiner et al. 2002) ]. However, even if effects are due to norepinephrine transporter blockade, the underlying mechanism of optimization could still be dopaminergic because norepinephrine transporters also have affinity for dopamine (Hannestad et al. 2010 ).
In conclusion, MPH enhanced Stroop task performance and posterror slowing in health and in cocaine addiction. In parallel, MPH reduced error-related activity in dopaminergically innervated PFC regions relevant to error-related processing: dACC activity in all subjects and DLPFC activity uniquely in CUD. This pharmacological fMRI study, which manipulated dopaminergic functioning and localized the resulting functional changes, helps address a previously identified void on the neurochemistry of error monitoring (Jocham and Ullsperger 2009) , while also contributing to a long-standing effort of using the Stroop color-word test to interrogate neural impairments in drug addiction Eldreth et al. 2004; Gruber and Yurgelun-Todd 2005; Salo et al. 2009; Azizian et al. 2010; Marinkovic et al. 2012 ). In addition, if our findings are subsequently replicated in treatment-seeking CUD, these brain regions could then become potential therapeutic targets in future longitudinal intervention studies. Similar to its restorative effects on brain function in ADHD (Rubia, Halari, Cubillo et al. 2011; , the supervised and controlled administration of oral MPH could potentially be used to enhance cognitive function (Sofuoglu et al. 2013) , as well as possibly ameliorate inflexible patterns of behavior and optimize brain response to error, in cocaine addiction.
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